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A percolation transition in the vortex state of a superconducting 2H-NbSe2 crystal is observed in 
the regime where vortices form a heterogeneous phase consisting of ordered and disordered 
domains. The transition is signaled by a sharp increase in critical current that occurs when the 
volume fraction of disordered domains, obtained from pulsed measurements of the current-
voltage characteristics, reaches the value 04.026.0 ±=cP . Measurements on different vortex 
states show that while the temperature of the transition depends on history and measurement 
speed, the value of Pc and the critical exponent characterizing the approach to it, r =1.97± 0.66, 
are universal.  
 
74.25.Dw  74.25.Fy  64.60.Ak  
 
Recent imaging experiments1 on vortex matter in superconductors2 have revealed a 
heterogeneous state consisting of domains of ordered and disordered phases3 4 5. The 
appearance of heterogeneity coincides with the observation of striking anomalies in 
transport and magnetization measurements including the peak effect6, nonlinear response, 
metastability, generation of  broadband noise and history effects7 8 9.  It is well known 
that multi component systems undergo a percolation transition when the volume fraction 
of one of the components reaches a critical value Pc leading to the formation of a system-
spanning cluster and to critical behavior10. In the case of the heterogeneous vortex 
system, because the critical current depends on the degree of order, the transport 
properties are sensitive to details of the spatial domain distribution and can lead to 
dramatic changes in the properties of the superconducting host when one of the domains 
percolates. 
  
In this letter we report on experiments demonstrating the existence of a percolation 
transition in the vortex system in NbSe2 and its effect on the transport properties. The 
experiments employed pulsed measurements of the voltage-current (V-I) characteristics 
together with a proposed two-phase model to obtain the fraction of disordered domains P. 
We find that the transition, is signaled by a sharp rise in Ic, that occurs at Pc = 0.26 ±  0.04 
and that the approach to Pc is characterized by a critical exponent r = 1.97± 0.66.  Our 
experiments show that the transition is uniquely determined by Pc and not by the 
thermodynamic parameters. Thus while the transition temperature varies with magnetic 
field and can be lowered with the application of a slow current ramp or increased by 
applying an ac current11 12 the values of Pc and r are universal. 
 We measured two Fe-doped 2H-NbSe2 crystals. Sample A with dimensions 3x0.7x0.03 
mm3 critical temperature Tc = 6.03 K, and transition width ∆Tc = 50 mK and sample B 
with 3x1x0.015 mm3, Tc = 5.61 K, ∆Tc = 40 mK. All the data presented here was taken 
on sample A. The data for sample B, although less extensive, was in good agreement with 
that for sample A.  The field was applied in the c direction, perpendicular to the sample 
surface, and the current was in the ab plane. The experiments employed a standard 4-lead 
configuration with AgIn solder contacts to monitor the voltage response to current ramps 
and pulses. A low noise (4nV/ Hz1/2) fast amplifier was used to detect the voltage signal 
which was then digitized with a 100 MHz digital oscilloscope. The response time of the 
entire system including leads and sample in the normal state was 2 µs. In order to reduce 
noise the data were averaged over 10 runs (initiating the system with a zero field cooling 
cycle from above Tc for each run). A 2 µV voltage response criterion was used to define 
critical currents. The current-voltage (V-I) characteristics were obtained point by point 
from the time evolution of the voltage response to a current pulse as illustrated in Fig. 1.  
Each point on the V-I represents the voltage measured 3 µs after applying the current 
pulse. This procedure excludes the instrumental response which decays within  ~2 µs of 
the change in current amplitude. Repeating the measurement for another current value 
gives an additional point in the V-I curve and so on.  Each point is obtained on a pristine 
vortex lattice freshly prepared from the normal state. It was previously shown that for 
samples and mounting methods identical to the ones used here Joule heating effects on 
time scales  < 10 µs are negligible13.  In addition to avoiding heating, the pulsed 
technique also eliminates effects due to current induced organization as we show below. 
 An applied current can induce reorganization of the vortex lattice by transforming one 
phase into another7 14 or introducing a disordered phase as new vortices penetrate through 
the surface barrier at the sample edge15. Thus, unless the measurement is faster than the 
organization process, the result depends on the measurement speed. The relevant time 
scale for current induced reorganization can be estimated from τ ~ a/v, the time to move a 
lattice spacing a. Here v = V/Bl is the vortex velocity and l = 2 mm the distance between 
voltage leads. For B = 0.5 Tesla and V = 2µV corresponding to the voltage resolution, we 
find τ ∼ 10 µs which is longer than the measurement time in the pulsed experiments. By 
comparison in a current ramped measurement Ic is reached within a time τ  = Ic /R , where 
R is the ramping rate. For example when R = 1 mA/s (henceforth labeled as Slow Current 
Ramp- SCR) the time to reach a typical value of Ic = 50mA, τ  ~ 50 s, is much longer 
than the reorganization time.  For our Fast Current Ramps (FCR) where R = 300 A/s we 
find τ ~ 150 µs which still allows for reorganization.  
 
In order to calculate P in the heterogeneous state we will need the values of Ic, for 
ordered and disordered states.  The ordered lattice was obtained at low temperatures with   
Zero Field Cooling (ZFC) where the field is applied after cooling through the 
superconducting transition. Far below the peak effect the ZFC state is ordered, stable, and  
Ic is independent of measurement speed7 11 14 as shown  in Fig. 2 where we compare  the 
temperature dependence of Ic obtained with various measurement speeds.  At low 
temperatures we find that Ic for the ZFC state  is the same for FCR, SCR (solid and open 
triangles) and  pulsed (not shown) measurements. The disordered lattice can be prepared 
by Field Cooling (FC), where cooling from the normal state is carried out in the presence 
of a magnetic field7. For the doped sample used here the FC state is a robust supercooled 
disordered state that does not evolve with time due to the weakness of thermal 
fluctuations compared to the pinning potential7 9 11. But because it is metastable, the FC 
state is easily driven by a current to reorganize, leading to a strong dependence of Ic on 
measurement speed as illustrated in Fig. 2. As can be seen in the inset of Fig. 2 the 
voltage response does not evolve much immediately following the 2 µs duration of 
instrumental transients (the same transient with opposite sign appears when the current is 
removed as shown in the inset of Fig. 1), but it grows significantly for longer times.  We 
therefore assume that the voltage recorded 3 µs after the current onset represents the 
response of the pristine FC lattice before it has reorganized.  In the analysis described 
below we will assume that the low temperature values of Ic (at T0 = 4.3 K) for the ZFC 
and the pulsed FC represent the critical currents of ordered and disordered states 
respectively. 
   
We now describe the protocol to measure P.  The sample was prepared by ZFC at a 
(variable) target temperature T. Subsequently, after waiting for ~1 minute at T, and 
without changing the field, the sample is rapidly cooled (over several seconds) to T0 = 4.3 
K where the V-I characteristics was measured point by point with the pulsed technique. 
The pulsed V-I at 0.5 Tesla and several values of T are presented in Fig 1b. We note that 
the slope of each curve increases monotonically saturating at a value of ~2.4 mΩ, which 
corresponds to the expected free flux flow resistance at T0. We note that although the 
measurement temperature was the same the shapes of the V-I depend on the preparation 
temperature T. We will show that the shape of these curves together with the values of Ic 
in the ordered and disordered states gives the value of P (T).   
 
In the two-phase model the domains of Ordered Phase (OP) and Disordered Phase (DP) 
are characterized by critical current densities Jo and Jd respectively with Jd > Jo16. Before 
vortices start moving the current density at any given position inside the sample has to be 
either zero or equal to the local critical current density, which can take one of the two 
values Jd or Jo. Vortex motion first occurs at an applied current for which there exists a 
cross section (transverse to the current at every point) within which all vortices are 
subject to their respective critical current density.  If the cross section A(x) at position x 
along the current flow contains a fraction α(x) of DP, the critical current for that cross 
section  is   
1. Ic(x) = (α(x)Jd+(1-α(x)Jo))A + Is . 
Here Is is a surface current resulting from the Bean-Livingston surface barrier15 17.  We 
have assumed that both the cross section and the surface current are uniform along the 
sample so that A(x)=A and Is(x) = Is , but the model can be generalized to a situation 
where this is not so, including the case of 3D vortex lattices, as long as vortices do not 
intersect. The global critical current, obtained by minimizing Ic(x) over all cross sections, 
is then determined by the cross section containing the minimal fraction of DP, αm. As 
long as a cross section exists that does not intersect a domain of DP, ie αm = 0, the critical 
current will be the same as that of a sample with all vortices in the ordered phase Io = 
JoA+ Is. Just above the percolation transition, after the first system-spanning cluster of 
DP has formed, cutting through all cross sections, αm > 0 and Ic  > Io.   
Thus we can obtain the value of αm for an arbitrary distribution of domains from the 
values of Ic, Jo and Jd.  Although the critical currents Io, Id of the ordered and states 
respectively can be measured as discussed above this is not the case for the critical 
current density Jc= (Ic –Is)/A which contains a surface component not directly measured. 
The presence of Is can lead to a significant over-estimate of Jc, especially in low pinning 
superconductors, if one calculates it by assuming a homogeneous current distribution.  
Since direct measurements of Is are quite difficult it is useful to work with quantities that 
do not explicitly depend on it. We note that Is is the current needed to overcome the 
attraction between a vortex and its virtual image in the boundary and therefore it is a 
single-vortex property which should not depend on the degree of order in the vortex state. 
It is therefore reasonable to assume that Is would be the same for the OP, DP and the 
heterogeneous state. This would then lead to a cancellation of Is from equation 1 resulting 
in a simplified expression for αm which involves only the measured quantities at one 
temperature:  Ic(T) = Io+ αm(Id(T) - Io(T)). To take advantage of this simplification all 
measurements were carried out at the same temperature T0 = 4.3 K. Heterogeneous states 
with different compositions of DP can be obtained by varying the temperature at which 
the ZFC states are prepared. This becomes clear by noting that the V-I curves in Fig. 1b 
are qualitatively different from each other even though they are measured at the same 
temperature.  In other words preparing ZFC states at T and then cooling to T0 creates a 
frozen replica of the state at T. This is consistent with earlier studies on similar samples 
that showed that the FC procedure leads to a robust supercooled vortex state7 11. It is also 
consistent with the fact that the two phases must be separated by an energy barrier that far 
exceeds the thermal energy in order to exhibit the experimentally observed stability and 
coexistence1. The assumption that the vortex lattice does not change its composition upon 
further cooling implies αm (T0) = αm (T) and therefore αm (T) can be obtained directly 
from the measured critical currents at T0:   
2. αm(T)  =  (Id(T0) -Io(T0))/ (Ic(T,T0) - I0(T0) ). 
Here Ic(T,T0) is the critical current of  the ZFC state prepared at T and measured at T0 and 
Io(T0) ,  Id (T0) are the critical currents in the OP and DP measured and prepared at T0. To 
test the validity of the model we used this value of αm to calculate the critical current of 
the ZFC state at T: Ic(T) = Io (T)+ αm (Id(T) –Io(T)) and compared it to the directly 
measured value. The results of this calculation (open circles in Fig.2) are in good 
agreement with the measured values of Ic(T) (solid triangles in Fig. 2), confirming the  
assumption that the composition of the vortex lattice does not change upon cooling to T0.  
 
In order to obtain the value of P it is necessary to go beyond the critical current and 
analyze the shape of the V-I curves. In our model the voltage response to an applied 
current I can be expressed as V(I) = Rff ( )dxxII c∫ −
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the free flux flow resistance. Both methods give the same values for P within 
experimental accuracy.   
 
In Fig. 3a we plot the temperature dependence of P. We note that for P < 0.27, they are 
equal indicating that the disordered phase has not yet formed a system-size cluster. The 
percolation threshold as signaled by the onset of increasing Ic, occurs at   Pc= 0.27±  
0.04.  Beyond this point Ic continues to grow, as the disordered regions expand with 
increasing P, until the entire sample becomes disordered. It is interesting to note that, 
although the vortex states prepared at T = 4.98, 4.992 and 5.006 K have the same Ic, the 
shape of the V-I curves shown in Fig. 1b are quite different reflecting the different 
contents of DP.   
 
In Figure 4a we plot αm calculated from Eqn. 1 as a function of P together with a power 
law fit to ( )rcm PP −∝α . The exponent r characterizes the behavior of the minimal cross 
section close to Pc and is not one of the standard critical exponents. We can however 
show that the behavior of αm near Pc can be mapped onto the conductivity near the metal-
insulator transition and therefore r should be the same as the conductivity exponent t6 18. 
The analogy is drawn by considering a binary insulator-conductor sample that is 
topologically identical to the heterogeneous vortex sample. This is obtained by mapping 
all the DP domains onto a conducting phase with conductivity cσ  and all the OP ones 
onto an insulating phase. Just above the percolation transition the conductivity is 
dominated by the bottlenecks at the cross section containing a minimal amount of 
conducting phase, αm, so that the effective conductivity is mcασσ ∝ . This is valid in the 
limit where the bottlenecks are much narrower than any other conducting cross section. 
Near the percolation transition the conductivity will thus be ( )tcm PP −∝∝ασ  where t 
is the conductivity exponent. In 3D systems the value t = 2 is expected to be universal6. 
Fitting our data over a range of P close to Pc we find 52.078.1 ±=r  which is consistent 
with our model.   
 
A salient feature of percolation is that it is governed by a single parameter Pc and thus 
provides a stringent test for identifying the transition.  To check the validity of the vortex   
percolation interpretation we repeated the experiment with vortex states prepared by 
different methods. Current annealed vortex states were prepared by applying a slow 
current ramp to the ZFC state at T before cooling to T0. The onset of increase in Ic for the 
annealed states (open triangles in Fig 2) is shifted to a lower temperature compared to the 
un-annealed ZFC states, yet if this is the signature of percolation we should find the same 
value of Pc. The results obtained for the annealed lattices are presented in Figure 4b. 
Although the temperature of the transition 4.7 K19 is lower than that of states prepared 
without annealing, the percolation threshold Pc = 0.24 ± 0.02 and the exponent 
32.001.2 ±=r  are in good agreement with the previous values. Another set of 
measurements carried out on the un-annealed ZFC vortex lattice at B = 0.75 T (Figure 4c) 
resulted in    02.027.0 ±=cP  and 25.014.2 ±=r .  Again these results are in good 
agreement with the data at B = 0.5 Tesla confirming the universal nature of the 
transition20. Comparing to other systems we find that Pc ~ 0.26 ±  0.04, the value of the 
percolation threshold averaged over the three experiments, places the vortex percolation 
transition in the universality class of overlapping random spheres  (the "inverse Swiss 
cheese" model)6. 
 
The experiments described here demonstrate that the onset of increase in critical current 
associated with the peak effect is the signature of a percolation transition when domains 
of disordered phase form a system-spanning cluster.  The percolation transition is 
uniquely determined by the volume fraction of disordered phase, Pc, and unlike the onset 
temperature of the peak effect, it does not depend on history, measurement speed or 
method of preparation.  Because the value of Pc at the transition is universal it provides 
an unambiguous description of the onset of the peak effect.  
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 FIG. 1. 
(a) Time evolution of voltage in response to current pulses corresponding to 3 points 
on the V-I  curve at T= 5.035 K and a field of  0.5 T. The narrow voltage spikes at 
the onset and removal of the pulse are instrumental. (b) V-I curves for vortex states 
prepared by ZFC at temperatures indicated in the legend and measured at T0 = 4.3 
K .  
 
 
FIG. 2. 
Dependence of critical currents on measurement speed and method of preparation.   
Solid circles: FC state obtained with short current pulses; open triangles: FC states 
obtained with fast current ramps (FCR); open squares: ZFC state obtained with 
slow current ramps (SCR); solid circles: ZFC obtained with FCR. The inset shows 
the response of an FC state to short pulses at T = 4.6 K, where the response is ~2 µV 
for an applied current I = 310 mA, hence Ic (4.6 K) = 310 mA. 
 
 
FIG. 3. 
(a) Temperature dependence of fraction of disordered phase.  (b) Temperature 
dependence of measured and calculated Ic. The onset of increase in critical current 
                                                                                                                                                 
(onset of the peak), marked by the arrow, is identified with the percolation 
transition at Pc = 0.27.  
 
 
FIG. 4. 
The dependence of the minimal cross section on P together with the fits to 
( )rcm PP −∝α  for three different vortex samples. (a) Vortex lattice prepared by 
ZFC at 0.5 T. (b) Annealed vortex lattice at   0.5 T. (c) ZFC vortex lattice at 0.75 T. 
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